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Abstract
Carbon allotropes have a large family of materials with varieties of crystal structures and properties and can real-
ize different topological phases. Using first principles calculations, we predict a new two-dimensional (2D) carbon
allotrope, namely penta-octa-graphene, which consists of pentagonal and octagonal carbon rings. We find that penta-
octa-graphene can host both type-I and type-II Dirac line nodes (DLNs). The band inversion between conduction and
valence bands forms the type-I DLNs and the two highest valence bands form the type-II DLNs. We find that the
type-I DLNs are robust to the biaxial strain and the type-II DLNs can be driven to type-I when applying over 3 %
biaxial stretching strain. A lattice model based on the pi orbitals of carbons is derived to understand the coexistence
mechanism of type-I and type-II DLNs in penta-octa-graphene. Possible realizations and characterizations of this
penta-octa-graphene in the experiment are also discussed. Our findings shed new light on the study of the coexistence
of multiple topological states in the 2D carbon allotropes.
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1. Introduction
In recent years, the interplay between topology and
symmetry derives a rich variety of new topological
quantum states in condensed matter physics. For in-
stance, the time reversal symmetry protected topolog-
ical insulators [1], crystalline topological insulators [2],
and crystal symmetry protected or enforced semimet-
als [3–8] have been theoretically proposed and experi-
mentally confirmed [9–12]. These topological insula-
tors and semimetals can host different kinds of novel
topological quasi-particle fermions on their surface or
in their bulk, like surface Dirac fermions [13] and hour-
glass fermions[14], bulk Dirac and Weyl fermions [4,
15], line nodes fermions [16, 17], and three-component
fermions [18]. The study of low energy topological
quantum states in the condensed matter physics not only
offers a platform to investigate the particles in high en-
ergy physics but also extends the new knowledge of
quasi-particle fermions in solid [19]. In addition, the
combination of crystal symmetries may allow the coex-
istence of multiple topological states in one solid state
material. For instance, ZrTe can host both Weyl points
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and three-fold degenerate points [20], SrHgPb family
materials possess both Dirac and Weyl points [21], and
the coexistence is possible for Fermi arcs and Dirac
cones on the surface in LaPtBi under in-plane compres-
sive strain [22]. These materials will offer opportunities
to investigate the electronic and transport properties of
topological multi-phases for the quantum spintronics.
Dirac line node (DLN) semimetals feature one-
dimensional continuous Dirac points in the momentum
space. It was proposed to realize the DLNs in the
Cu3PdN [16], CaAgX(X=P, As) [23], and ZrSiS fam-
ily materials [24]. As analogue to the classification of
type-I and type-II Dirac/Weyl cones according to their
titled degree of cones, type-II DLNs semimetals have
been theoretically proposed [25, 26]. Compared with
the type-I nodal point, the cone of the type-II nodal
point is completely tipped over so that there coexists
electron and hole pockets at the certain energy level
[27]. Therefore the type-II DLNs can be considered as
one-dimensional continuous type-II Dirac points.
Carbon allotropes consist of a large number of mem-
bers and they vary quite different properties due to the
intrinsic difference of crystal structures and chemical
bonds. The first realized 2D material graphene [28]
is the prototype of topological insulators [29], although
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the spin-orbital coupling (SOC) effect in graphene is too
weak to observe the quantum spin Hall effect in exper-
iment [30]. Nonetheless, SOC-free of carbon element
is an advantage to realize DLNs semimetals and Dirac
semimetals in the carbon allotropes. It was proposed
to realize DLNs in graphene network [31], 3D-C5 [32],
m-C8 [33], and bco-C16 [34], but so far all of them can
only host one topological state of type-I DLNs.
In this work, by using first principles calculations
and lattice model, we propose a new 2D carbon al-
lotrope with pentagonal and octagonal carbon rings,
named penta-octa-graphene, in which can coexist both
type-I and type-II DLNs. The simulations of phonon
dispersion and ab initio molecular dynamics reveal that
penta-octa-graphene is dynamically and thermally sta-
ble. In this pent-octa-graphene, both type-I and type-
II DLNs are symmetry-protected by in-plane glide mir-
ror symmetry in the absence of SOC. The topological
edge states from both type-I and type-II DLNs in the
nanoribbons are investigated using the recursive Greens
function method. More interestingly, we find topologi-
cal phase transition from the type-II to type-I of DLNs
under the biaxial tensile strain. A tight binding model
based on a square lattice with pi orbitals at octagonal
carbon ring sites is proposed to understand the forma-
tion mechanism of type-II Dirac node line between two
highest valence bands. Finally, we propose the periodi-
cal formation of 5-5-8 line defects in graphene to realize
this penta-octa-graphene as well as characterizations of
Raman spectra in experiment.
2. Computational details
We performed the structural optimization and elec-
tronic structure calculations within the framework of
density functional theory (DFT) [35, 36] using Vi-
enna ab initio simulation package (VASP) [37] based
on the projector augmented wave (PAW) method [38].
The exchange-correlation interaction was treated within
the generalized gradient approximation (GGA) [39]
parametrized by Perdew, Burke, and Ernzerhof (PBE).
The energy cutoff of 500 eV was set in all the calcula-
tions and a Monkhorst-Pack grid with 11 × 11 × 1 k-
points was used for Brillouin zone integration. For the
structural optimization, the lattice parameters and all the
atoms are relaxed until the Hellmann-Feynman forces
on all atoms are less than 0.005 eV/Å. The vacuum re-
gion of 10 Å along z direction was included to simu-
late the monolayer penta-octa-graphene. The phonon
dispersion was calculated using the finite displacement
method [40], as implemented in the Phonopy code [41].
The pz orbitals of carbons at A and B sites were used
Figure 1: (a) Top view and (b) side view of the 2D layer structure
of penta-octa-graphene. The blue, red, and yellow balls denote car-
bon atoms at A, B, and C sites. (c) Phonon dispersion of penta-octa-
graphene. (d) Free energy evolution of 3 × 3 × 1 penta-octa-graphene
supercell at 300 K, 600 K, and 1000 K in 6 ps from the AIMD simula-
tions. These horizontal lines indicate the average values of free energy
at different temperatures.
to construct the maximum localization Wannier func-
tion (MLWF) using the Wannier90 package[42]. The
edge states of penta-octa-graphene are calculated using
the recursive Green’s function method [43] from the ob-
tained MLWF.
3. Results and Discussions
The structure of penta-octa-graphene is shown in Fig-
ure 1(a) and 1(b). In contrast to the hexagonal planar lat-
tice of pristine graphene, the penta-octa-graphene fea-
tures a square lattice with the lattice constant of 6.64 Å
and a buckling with the thickness of 1.24 Å. Other 2D
carbon allotropes comprised of pentagonal and octago-
nal carbon rings have been theoretically proposed [44–
46]. However, the penta-octa-graphene has higher sym-
metry and can host DNLs due to the symmetry. It turns
out that penta-octa-graphene has P4/nmm (space group
No. 129) symmetry which contains three symmetry
generators that are {C+4z| 12 12 0}, {C2x| 12 12 0}, and {I| 12 12 0}.
The nonsymmorphic operations of these symmetry op-
erators play a crucial role to realize the type-II DLNs
between the two highest valence bands. We will pro-
vide more information in the lattice model discussion
later. Moreover, both type-I and type-II DNLs are pro-
tected by the in-plane glide plane symmetry operation
{Mz| 12 12 0} which can be generated by the symmetry op-
erations {C2x| 12 12 0} and {I| 12 12 0}. The unit cell of penta-
octa-graphene is comprised of 8 pentagonal and 2 oc-
tagonal carbon rings and each octagonal carbon ring is
2
adjacent to 8 pentagonal carbon rings. All carbon atoms
in the unit cell can be categorized by three inequivalent
carbon atoms at A, B, and C sites which are indicated
by blue, red, and green colors in Figure 1(a). The bond
distance between two B sites is dBB = 1.44 Å, the bond-
ing distance of A and B sites is dAB = 1.41 Å, and the
bonding distance of A and C sites is dAC = 1.56 Å. The
geometry structure of penta-octa-graphene suggests that
the A and B sites tend to form sp2 bonding but C site
carbons resemble sp3 bonding. Compared with the full
sp3 in penta-graphene [47] and sp2 in graphene, penta-
octa-graphene is a 2D carbon allotrope with hybrid sp2
and sp3 states.
In order to prove that the penta-octa-graphene is en-
ergetic stable, we calculate the total energy and car-
bon density of the penta-octa-graphene as well as other
2D carbon allotropes (see Figure S1 in Supplemen-
tary Information). Although penta-octa-graphene is
metastable compared with graphene, it is more stable
than penta-graphene [47], α-graphyne, and β-graphyne
[48]. The carbon density of penta-octa-graphene is
comparable to graphene and phagraphene [49]. To
further demonstrate the dynamical stability of penta-
octa-graphene, the phonon dispersion of penta-octa-
graphene is calculated using the finite displacement
method [40] and shown in Figure 1(c). One can see
there is no imaginary frequency and it suggests that
penta-octa-graphene is dynamically stable. To further
verify the thermal stability of penta-octa-graphene, we
preformed the ab initio molecular dynamic simulations
(AIMD) using NVT ensemble with the Nose´ thermo-
stat [50]. The free energy of a 3 × 3 × 1 penta-octa-
graphene supercell with 162 carbon atoms in 6 ps at
300K, 600K, and 1000K was calculated and shown in
Figure 1(d). We did not find disruption or structural re-
construction during the simulations, and the free energy
fluctuations around certain values at different tempera-
tures in Figure 1(d) also suggest penta-octa-graphene is
thermally stable. To further verify the mechanical sta-
bility of penta-octa-graphene, the elastic constants are
derived by fitting energy curves with respect to the uni-
axial,biaxial, and shear strains (see Figure S2 in Sup-
plementary Information). We have C11 = C22 = 141.7
N/m, C12 = 62.4 N/m, and C66 = 29.9 N/m. The
elastic constants are satisfied to the stability criteria
C11C22 − C212 > 0 and C66 > 0 [51]. The Poisson’s ra-
tio of penta-octa-graphene v12 = v21 = C12/C11 = 0.44
is different from the negative Poisson’s ratio in penta-
graphene [47].
Figure 2(a) shows the band structure of penta-octa-
graphene in the absence of SOC. There are two electron
bands (β and γ) and one hole band (α) near the Fermi
Figure 2: Electronic structures of penta-octa-graphene. (a)The blue
and red colors denote the pz orbital contributions from carbon atoms
at A and B sites, and the plus and minus signs indicate Mz parity of
each bands. (b) The red and blue lines in the 3D band structure denote
the type-I and type-II DLNs, respectively. (c) and (d) show the real
space wave functions of valence and conduction bands at M point.
(e) provides the evolution of band structures of penta-octa-graphene
under biaxial tensile strain from 1% to 5%.
level. The band crossing points between the α and γ
bands along the M − Γ and Γ − X lines are type-I Dirac
points. Besides, there exist type-II Dirac points near en-
ergy level -0.2 eV given by β and γ bands. To clearly
show the coexistence of type-I and type-II DLNs, we
plot the conduction band and two highest valence bands
in three dimensions as shown in Figure 2(b). One can
easily identity the type-I and type-II DLNs highlighted
by red and blue lines, respectively. Both DLNs in penta-
octa-graphene are symmetry-protected by the in-plane
glide mirror symmetry {Mz| 12 12 0} which is generated by
twice {C+4z| 12 12 0} and {I| 12 12 0} symmetry operations. Mz
parity of α, β, and γ bands without SOC was calculated
and indicated by the plus and minus signs in Figure 2(a).
The parity of γ band is opposite to α and β bands, such
that the γ band does not couple with α and β bands
and this is the reason why type-I and type-II DLNs in
penta-octa-graphene remain gapless. In the presence of
SOC, the mirror symmetry will not protect the DLNs
any more since the double-degeneracy bands have op-
posite Mz parity. To verify this point, we artificially
increased the SOC strength to 100 times in the DFT
simulations for the weak SOC in penta-octa-graphene.
From the band structure (see Figure S3 in Supplemen-
3
tary Information), one can see both type-I and type-II
DLNs are gapped by the SOC effect. Even we increase
the SOC strength by 100 times, the gap along Γ − M is
still as small as 0.02 eV. The band gap opening mech-
anism is similar to the graphene and one should expect
the Kane-Mele state in penta-octa-graphene. So the in-
plane glide mirror symmetry can only protect the DLNs
in the absence of SOC.
For a better understanding of DLNs in penta-octa-
graphene, we calculate the orbital characteristics of
band structure and real space wavefunctions of conduc-
tion and valence bands at M point. In Figure 2(a), (c),
and (d), the results reveal that the α, β, and γ bands are
dominated by the pz orbitals of carbon atoms at A and B
sites. Similar to graphene, the band inversion between
conduction and valence bands with pz orbitals forms the
Dirac points. The Fermi velocities near Dirac points
along Γ−M and Γ−X were calculated by the expression
vF = E(k)/(~k). It turns out that the Fermi velocities of
γ band near type-I Dirac points along the Γ−M and Γ−X
are 6.7× 105 m/s and 9.0× 105 m/s which are compara-
ble to graphene (8.5×105 m/s) [52]. However, DLNs in
penta-octa-graphene around the Fermi level should con-
tribute more carriers than graphene. Figure 2(e) shows
the evolution of band structures of penta-octa-graphene
under biaxial tensile strain with 1% − 5% range. The
results show that type-I DLNs between α and γ bands
are robust to the biaxial strain which does not break
any crystal symmetry. More interestingly, the type-II
DLNs between β and γ bands are driven to type-I DLNs
when the lattice of penta-octa-graphene is stretched over
3%. We also calculated the dynamic stability of such
stretched penta-octa-graphene. The phonon dispersion
of penta-octa-graphene with biaxial 5% tensile strain
showed it was still dynamically stable (see Figure S4 in
the Supplementary Information). The topological phase
transition from type-II to type-I by biaxial tensile strain
is thus feasible to be realized by lattice strain engineer-
ing in the experiment.
To investigate the edge states, we calculated band
structures of semi-infinite penta-octa-graphene using
the recursive Green’s function method [43] based on
the MLWF obtained from the pz orbitals of A and B
sites. The edge states with zigzag and armchair edges
are obtained and shown in Figure 3. It is known that the
drumhead surface states are the hallmark of 3D DLNs
semimetals. However, the 2D DLNs semimetals cannot
host drumhead surface states, because the co-dimension
of DLNs in 2D is 0 which is different from 1 for 3D
case [53]. The DLNs in the 2D Brillouin zone has no
projection along the direction perpendicular to it, so the
2D DLNs has no surface drumhead states like 3D case.
Figure 3: Edge states of penta-octa-graphene with (a) armchair edge
(b)zigzag edge
In contrast to the surface drumhead states of 3D DLNs
semimetal, the edge states of penta-octa-graphene are
not topologically protected due to the 0 of co-dimension
in 2D case. Comparing with the edge states in zigzag
and armchair edges in Figure 3, one can find these edge
states are edge dependent and induced by the trivial dan-
gling bond. So the edge states can be tuned by the chem-
ical functionalization on the edges by H or other atoms.
To understand the coexistence of Type-I and Type-II
DLNs, we constructed a square lattice model based on
the A and B sites as shown in Figure 4(a). As we pointed
out, the conduction and valence bands are dominated by
the pz orbitals of carbons at A and B sites. So we expect
that the tight binding model for the lattice model with
pz orbitals at A and B sites can reproduce the DLNs in
DFT simulations. The tight binding Hamiltonian [54]
with the nearest hopping reads as
H = 1
∑
i
c†AicAi + 2
∑
j
c†B jcB j + t1
∑
<i j>
c†AicA j
+t2
∑
<i j>
c†BicB j + t3
∑
<i j>
c†AicB j
(1)
where c† and c are the creation and annihilation opera-
tions, 1 and 2 are on-site energy for A and B sites, and
t1, t2, and t3 are the hopping parameters. The hopping
parameters and on-site energies are obtained by fitting
the DFT band structure. Then the eigenvalues along
high-symmetry points are calculated by diagonalizing
the 16 × 16 effective tight binding Hamiltonian matrix.
As shown in Figure 4(c), the obtained band structure
from the tight binding model can well reproduce both
type-I and type-II DLNs. When we do not consider
the nonsymmorphic symmetry operations in penta-octa-
graphene and all the A and B sites are projected on the
same plane, a smaller unit cell enables us to describe
this symmorphic symmetry lattice model. The conven-
tional cell with nonsymmorphic lattice can thus be con-
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Figure 4: (a) Lattice model with A and B sites for penta-octa-
graphene, the blue and red dots denote the A and B sites of carbons,
respectively. The black and purple lines denote the unit cells of the
nonsymmorphic and symmorphic lattices (b) Brillouin zones for the
nonsymmorphic and symmorphic lattice with black and purple line,
respectively. Band structures from lattice model for (c) nonsymmor-
phic and (d) symmorphic lattices. The hopping parameters are set to
t1=-0.4 eV, t2=-3 eV, and t3=-2.2 eV. The on-site energies of A and B
sites are set to A= -0.2 eV and B=0.8 eV.
sidered as a
√
2 × √2 primitive cell with the symmor-
phic lattice. The corresponding Brillouin zones of non-
symmorphic and symmorphic lattices are denoted with
black and purple lines in Figure 4(b). For the primi-
tive cell with symmorphic lattice, we only need 4 A and
4 B sites and the band structure is calculated using the
same hopping parameters and on-site energies in non-
symmorphic lattice as shown in Figure 4(d). We find
that the Type-I DLNs between the conduction and va-
lence bands still remain but the type-II DLNs disappear
because of an unfolding process.
Finally, we propose possible route for design and syn-
thesis of penta-octa-graphene in the experiment. It was
proposed that the approach of simultaneous electron ir-
radiation and Joule heating by applied electric current
could controllably produce 5-5-8 line defect in graphene
[55]. The 5-5-8 line defects observed in the experiment
and the schematic drawing of the growth process of a
5-5-8 line defects in graphene are presented in Figure
S5 in Supplementary Information. We noted that the
5-5-8 line defect is parallel to the direction of electric
current. The atomic structure of penta-octa-graphene
can be considered to be composed of the periodic 5-5-8
line defects. So the penta-octa-graphene would be pro-
duced when the generator of current is smoothly moving
along the direction perpendicular to electric current. We
expect that periodically fabricating 5-5-8 line defects in
graphene using this technique will give rise to the penta-
octa-graphene. Further, the Raman scattering spectrum
is a powerful tool to characterize the carbon materials
in the experiment [56]. In this work we have stimu-
lated the Raman spectrum of penta-octa-graphene using
density functional perturbation theory (DFPT) [57]. It
turns out that our penta-octa-graphene has 14 active Ra-
man modes and the 3 strongest strength Raman modes
are 301.5 cm−1, 655.8 cm−1, and 800.7 cm−1 (see Fig-
ure S6 in Supplementary Information). These distinct
Raman signatures, like those of graphene and other car-
bon allotropes, can identity penta-octa-graphene in the
experiment.
4. Summary
In summary, we proposed a new carbon allotrope
to realize the coexistence of type-I and type-II DLNs.
Compared with the features of Dirac points and sp2
bonds in pristine graphene, our penta-octa-graphene has
special DLNs and mixed sp2 and sp3 bonds. The dy-
namic and thermal stability of penta-octa-graphene has
been verified and it is promising to be realized in the
experiment. We also proposed the practical route for its
synthesis, and characterization using Raman spectrum
in the experiment. We have demonstrated that the bi-
axial tensile strain can drive the transition from type-II
to type-I DLNs. The lattice model based on the pz or-
bitals at A and B sites can reproduce the band features
and help understand the coexistence mechanism of type-
I and type-II DLNs in penta-octa-graphene. The band
inversion between conduction and valence bands forms
the type-I DLNs, and the type-II DLNs come from
the nonsymmorphic symmetry. Both type-I and type-II
DLNs are protected by in-plane glide mirror symmetry
in the absence of SOC. Although the artificially large
SOC may break the DLNs, penta-octa-graphene is the
ideal material for coexistence of the type-I and type-II
DLNs. Our findings not only extend the family of car-
bon allotropes but also offer a new platform to realize
multiple topological states in penta-octa-graphene.
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